Abstract
Introduction

48
Lyme disease occurs throughout the Northern Hemisphere and is the most prevalent vector- genes (rrs-rrlA and rrfA-rrlB) (Guttman et al., 1996; Wang et al., 2014 Wang et al., , 1999 are diluted to the same concentration and then combined to a total concentration of 2 nM to 4 nM 158 with a volume of 5µl or more.
159
In preparation for loading on the MiSeq sequencer, the pooled library is denatured by 
190
The short reads are indexed and aligned to the reference sequences using software packages GenBank. For these alleles, we performed de novo assembly of reads to obtain the 5'-and 3'-end 198 sequences using the assembler metaSPAdes (Nurk et al., 2017) .
199
To test the accuracy and sensitivity of our bioinformatics pipelines, we generated simulated of sample A, sample B, and the total sample, respectively, and nA and nB are the sample sizes. 
244
The number of sequencing averages ~108,000 reads per tick sample. The coverage (i.e., Table 1 .
251
Specificity of allele identification is tested by generating simulated reads from a single 252 reference sequence and aligning the simulated reads to all reference sequences. This simulation-253 based test shows that the bioinformatics protocol for allele identification is highly specific, with 254 only a small fraction of ambiguously aligned reads at the first ~200 conserved positions for some 255 ospC alleles (Supplemental Material S4).
256
Sensitivity of allele quantification is tested by generating a known proportion of simulated 257 reads from two reference sequences. For example, a 10:1 mixed sample of short reads generated 258 based on sequences of alleles "J" and "C" is quantified using the bioinformatics protocol, resulting 259 in a ~13:1 quantification (Figure 2A ).
260
New strain, spirochete load, and multiplicity
261
The NGS protocol is able to not only detect the presence of multiple strains but also 
276
Assuming that the spirochete load is correlated with total weight of PCR amplicons, we
277
found that female adult ticks carry a significantly higher spirochete load than male adult ticks 278 (p=0.022 by t-test), which in turn carry a higher infection load than nymphal ticks (p=8.1e-3)
279
( Figure 3A ). There is no significant difference in the average number of strains infecting a single Figure 3C ).
284
Aggregated infection & negative strain interactions
285
A previous study of multi-strain infection by B. afzelii in Europe found that strains tend to 286 be aggregated in infected ticks, suggesting that infection of ticks and hosts is more successfully 287 established by multiple spirochete strains than by a single strain alone (Andersson et al., 2013 ).
288
Our data support their conclusion. In Sample #9, for example, we detected a total of 159 ospC infected by a single strain (the observed and expected counts are plotted in Figure 3D ). In fact, 59
293 ticks are uninfected in this sample, more than twice the expected count. (e.g., Figure 2B ). This is more generally shown with the Shannon diversity index, which is on 302 average approximately half of the maximum attainable diversity (when all strains are equally 303 abundant) in ticks with mixed infections (Supplemental Figure S5 ). There is, however, no evidence 304 that any particular strains are consistently more dominant than other (Supplemental Figure S5) . supporting bioinformatics pipelines, and in its application to Ixodes ticks in North America.
341
Our strain identification method is based on the assumption of a strict one-to-one 342 correspondence (i,e., complete genetic linkage) between ospC alleles and B. burgdorferi strains.
343
The ospC locus is the most polymorphic single-copy locus in the Borreliella genome (Mongodin 
